(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 

(43) International Publication Date 
18 September 2003 (18.09.2003) 




PCT 



(10) International Publication Number 

WO 03/076978 A2 



(51) International Patent Classification^: G02B 

(21) International Application Number: PCT/US03/06652 

(22) International Filing Date: S March 2003 (05.03.2003) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

60/362,234 
10/379,248 



6 March 2002 (06.03.2002) US 
4 March 2003 (04.03.2003) US 



(71) Applicant (for all designated States except US): CORN- 
ING TROPEL CORPORATION [US/US]; 60 O'Connor 
Road, Fairport, NY 14450 (US). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): WEBB, James, 

E. [US/US]; 10 Potter Place, Fairport, NY 14450 (US). 
BRUNING, John, H. [US/US]; 15 Chipmunk Trail, 

Pittsford, NY 14534 (US). 

(74) Agents: RYAN, Thomas, B. et al.; 56 Windsor Street, 
Rochester, NY 14605 (US). 



(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, H, GB, GD, GE, GH, 

GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, CM, PH, PL, PT, RO, RU, SC, SD, SE, 
SG, SK, SL, TJ, TM, TN, TR, XT, TZ, UA, UG, US, UZ, 
VC, VN, YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO, 
SE, SI, SK, TR), OAPI patent (BF BJ, CF CG, CI, CM, 
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



(54) Title: COMPENSATOR FOR RADIALLY SYMMETRIC BIREFRINGENCE 



< 
00 
ON 

O 




(57) Abstract: A birefringence correction is incorporated into an optical imaging system for imaging with deep ultraviolet light. 
Optical elements which exhibit an intrinsic birefringence with deep ultraviolet light are arranged in a fashion that renders accumulated 
birefringence less sensitive to the angular orientation of the beam's rays around the optical axis. A compensating optic corrects a 
residual radially symmetric component of the birefringence. 
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COMPENSATOR FOR RADIALLY SYMMETRIC BIREFRINGENCE 

[1] This application claims tlie benefit of U.S. Provisional Application 
No. 60/362,234, filed on 6 March 2002, which provisional application is 
incorporated by reference herein. 

Technical Field 

[2] Imaging with deep-ultraviolet light using available crystalline 
optical materials requires correcting or otherwise dealing with issues 
of intrinsic birefringence that become more pronounced at shorter 
wavelengths in the vicinity of 157 nanometers. 

Background 

[3] Mlcrolithographic manufacturing systems and microscopic 
inspection systems continue to evolve for imaging smaller and smaller 
feature sizes. Ultimately, the minimum feature size depends upon the 
wavelength of the illumination. Shorter wavelengths are required for 
smaller feature sizes. Imaging systems now successfully operate at 
wavelengths as small as 193 nanometers, but the next generation of 
mlcrolithographic imaging is expected to operate at even smaller 
wavelengths of around 157 nanometers. Microscopic inspection 
systems are also being developed to operate at the smaller 
wavelengths. 

[4] Not many materials have appropriate optical characteristics for 
producing images at wavelengths of light within the deep-ultraviolet 
spectrum near 157 nanometers in wavelength. The most promising 
candidate is calcium fluoride (CaFa), which has a cubic crystalline 
structure. However, calcium fluoride (CaFs) has been found to exhibit 
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an intrinsic birefringence at 157 nanometer wavelengths. No 
birefringence is evident for light rays normal to the crystal's {111} 
planes; but rays with angular departures, which involve transmissions 
through other planes (e.g., {110}, {101}, and {011} planes), produce 
birefringence that increases at different rates in different directions. 
Peak birefringence is apparent In three evenly spaced directions, which 
is referred to as "three-fold symmetry". 

[5] A number of solutions have been proposed to avoid or reduce the 
intrinsic birefringence. Some work Is underway mixing crystalline 
materials with opposite birefringence, such as mixing barium fluoride 
(BaFg) with calcium fluoride, to produce a compound crystalline 
structure that is free of birefringence through a range of directions. 
Another approach assembles optical elements made of different 
materials having opposite signs of intrinsic birefringence for 
diminishing cumulative effects of birefringence. 

[6] A single birefringent material (e.g., calcium fluoride) has also 
been proposed for use among multiple optics that are relatively varied 
in angular orientation around an optical axis to balance the effects of 
birefringence in different directions. This procedure is referred to as 
clocking. For example, the peak birefringence of calcium fluoride 
occurs in three evenly spaced directions around the axis of the (111) 
plane. Successive optics can be arranged with their (111) plane's axis 
aligned with a common optical axis but each angularly rotated by 
different amounts around the common optical axis (i.e., clocked) to 
evenly distribute the directionally sensitive birefringence. Similar 
clocking effects can be achieved by orienting other of the crystal's 
planes, such as the crystal's {001} or {110} planes, normal to the 
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optical axis and rotating successive optics by different amounts 
around tlie optical axis. 

[7] Innaging systems containing optics made from amorphous 
materials can also exhibit similar birefringence effects, particularly 
where light rays depart significantly from the optical axis, such as in 
systems with high numerical aperture. Such birefringence is generally 
evenly distributed around the optical axis. 

Summary of Invention 

[8] In this invention, we primarily address the problem of radially 
symmetric birefringence but also provide capabilities for addressing 
higher orders of birefringence. Generally, we prefer to convert the 
directionally sensitive birefringence (e.g., three-fold symmetry) typical 
of cubic crystal materials, such as calcium fluoride (CaFa), into a 
predominantly radially symmetric birefringence for correction. Our 
corrective optics can be located within a telecentric space or within a 
pupil space and, are specially adapted to exploit beam characteristics in 
the two locations to remove unwanted radially symmetric or other 
forms of birefringence. 

[9] Our preferred deep-ultraviolet imaging system for operating at 
wavelengths in the range of 157 nanometers is a catadioptric imaging 
system in which most of the required focusing power is provided by a 
double-reflecting Mangin mirror. Light traveling through additional lens 
elements required for completing the imaging function (e.g., correcting 
aberrations) undergoes little bending to avoid accumulating much 
birefringence. Most of the birefringence of our preferred imaging 
system is generated by one or more transmissive elements between 
reflective surfaces of the Mangin mirror. However, transmissions 
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between the reflective surfaces can be arranged to perform a clocking 
function that more evenly distributes the birefringence around the 
optical axis. 

[1 0] Both the transmissive element of the Mangin mirror and the 
additional lens elements can be made of a cubic crystalline material 
such as calcium fluoride (CaFa) oriented with one of the crystal's {111} 
planes normal to a common optical axis. Light rays passing through 
the low-power lens elements acquire little birefringence. The higher 
angle transmissions of rays through the transmissive element of the 
Mangin mirror accumulate much more birefringence, but the 
transmissions are rotated (i.e., clocked) with respect to each other to 
more evenly distribute the accumulated birefringence around the 
optical axis. 

[11] Angular departures of the light rays from the axis of the (111) 
plane produce the most pronounced birefringence in three polar angle 
directions around the common optical axis. The separation between 
the pronounced directions of birefringence is 120 degrees. Reflections 
within the Mangin mirror rotate the illuminating beam through 180 
degrees, which is equivalent to clocking each pass by an odd multiple of 
60 degrees. 

[12] Although not reducing birefringence per se, the Mangin mirror 
converts an angularly clustered birefringence around the optical axis 
into a more evenly distributed birefringence around the optical axis. 
The converted birefringence is a more radially symmetric 
birefringence. As seen in an exit pupil, the magnitude of the converted 
birefringence increases as a function of radial distance (offset) from 
the optical axis, but the magnitude of the accumulated birefringence 
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remains relatively constant as a function of polar angle orientation 
around the optical axis. 

[13] A compensating optic made from a material that itself exhibits 
radially symmetric birefringence, but of opposite sign, can be used to 
reduce the remaining radially symmetric birefringence. Single axis 
crystal materials, such as sapphire, magnesium fluoride (MgFa), and 
lanthanum fluoride (LaFg), which are too birefringent to be used as lens 
elements, can be fashioned as compensating optics within a telecentric 
or near telecentric portion of the object or image space. The 
symmetric axes of the single crystals are oriented parallel or nearly 
parallel to the optical axis. The highly birefringent single-axis materials 
can be used as compensating optics for correcting birefringence 
produced at larger angles of departure by much lower birefringent 
materials. The more rapid correction made possible by the use of 
highly birefringent materials also allows the compensating optics to be 
more limited in thickness, which limits their attenuation. 

[14] Single-axis crystalline materials are preferred for use as radially 
symmetric compensating optics in telecentric space (including near 
telecentric space) because the birefringence of such crystals is 
particularly sensitive to inclination angles of passing rays (e.g., cone 
angle) but is not particularly sensitive to radial offset of the same 
rays from the optical axis. In other words, the compensating optic has 
an angular-dependent birefringence effect but has a limited offset- 
dependent birefringence effect. 

[15] The insensitivity to radial offset allows the angular-dependent 
compensating optic to take a planar or other regular form within 
telecentric space (including near telecentric space). The chief rays of 
object/image points, which by definition pass through the center of an 
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aperture stop, extend substantially parallel to each other in teleoentric 
space but are offset from the optical axis in accordance with the 
positions of the object/Image points in their respective object or image 
plane. Accordingly, radially symmetric birefringence can be corrected 
in telecentric space using an angular-dependent compensating optic 
that is insensitive to the radial offsets of the chief object/image point 
rays. 

[16] A regularly shaped compensating optic can also correct for 
radially symmetric birefringence in telecentric space that departs 
small amounts from absolute telecentricity. The departure from 
telecentricity is apparent as a slight inclination of the chief rays of the 
object/image points, along with a corresponding angular imbalance 
among their attendant marginal rays. In an axial plane of incline, one 
marginal ray increases in inclination while the opposite marginal ray 
decreases in inclination. The birefringence effects associated with the 
difference in inclination can be compensated for by varying the path 
lengths of the marginal rays through the angular-dependent 
compensating optic. The amount of birefringence experienced by the 
passage of any single ray through the angular-dependent compensating 
optic is a function of both the ray's inclination with respect to the 
crystal axis and the ray's path length through the crystal. Such path 
length variations can be made by varying the thickness of the 
compensating optic as a function of radial distance from the optical 
axis. The thickness variation can take a simple spherical or aspherical 
form, such as a surface of revolution, to compensate for small 
departures from telecentricity while providing an overall radially 
symmetric birefringence compensating effect. 



wo 03/076978 PCT/US03/06652 

7 

[17] Preferably, the angular-dependent compensating optic operating 
within telecentric (including near telecentric) object or innage space is 
located within a slowly converging or diverging cone of light (i.e., a low 
numerical aperture) approaching a minimum aperture dimension. For 
example, in a reducing system such as a microlithographic imaging 
system, the angular-dependent compensating element is preferably 
positioned near the object plane (e.g., near the reticle) at the origin of 
a slowly diverging cone of light. At smaller diameters, the single-axis 
crystal materials exhibiting the required corrective birefringence are 
more readily available and have a lower cost. The slow divergence of 
the marginal rays (i.e., the rays most affected by birefringence) limits 
ray splitting by the highly birefringent single-axis crystals between 
ordinary and extraordinary polarization directions that are 
differentially affected by the birefringence. 

[18] The angular-dependent compensating optic can also be arranged 
to compensate for small misalignments of crystal axes with respect to 
the optical axes of the optical elements (e.g., lenses or transmissive 
element of the Mangin mirror). For example, small errors in the 
identification of the crystal axes during the manufacture of the lens 
elements can result in the production of lens elements with crystal 
axes that are tilted with respect to their optical axes. The 
compensating element can be manufactured with its crystal axis 
intentionally mis-aligned with respect to Its optical axis to at least 
partially undo the effects of similar misalignments of the lens 
elements. 

[19] A compensating optic for reducing radially symmetric 
birefringence can also be located at or near a pupil of a telecentric 
system, where the chief rays of the object/image points approach (i.e., 
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converge toward or diverge from positions close to) the optical axis 
through orientations that are variously inclined to the optical axis. 
Both angular-dependent compensating optics (similar to the 
compensating optics proposed for use in telecentric space) and offset- 
dependent compensating optics can be used in pupil space depending on 
angular relationships among and between the marginal and chief rays. 
The birefringence compensation of offset-dependent compensating 
optics increases with radial distance of passing rays from the optical 
axis, but the birefringence compensation does not significantly vary 
with inclination of the same rays to the optical axis. Amorphous 
materials, such as fluorine-doped fused silica, with induced stress can 
be used for this purpose. Such amorphous materials are generally 
more abundant in larger sizes than single-axis crystal materials. 

[20] The pupil space is preferably associated with a low-power portion 
of the imaging system in advance of the aperture stop where an 
increased focal length at a correspondingly enlarged aperture diameter 
minimizes angles of convergence between the chief rays as well as 
between corresponding marginal rays from the different object points. 
As a result, the useful pupil space extends to either side of the 
aperture stop encompassing much of the low-power portion of the 
imaging system. 

[21] In addition to minimizing the angles of convergence between the 
corresponding rays of different object points, the average inclinations 
of the marginal rays with respect to the chief rays can be adjusted to 
minimize or maximize the birefringence effects of an angular- 
dependent compensating optic. If the average inclination of the 
marginal rays with respect to the chief rays is considerably more than 
the angles of convergence between corresponding rays, then an 
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angular-dependent compensating optic can be used in pupil space to 
produce a radially symmetric birefringence effect. However, if tlie 
average inclination of the marginal rays is comparable the convergence 
angles between corresponding rays, then an angular-dependent 
compensating optic would not be effective for correcting radially 
symmetric birefringence. 

[22] In either instance, however, an offset-dependent compensating 
optic can be located in pupil space to produce a radially symmetric 
birefringence effect. Regardless of the' angles through which light rays 
reach the pupil space, the rays are offset from the optical axis in 
accordance with their initial angular departure from the optical axis in 
the telecentric space. Corresponding marginal rays in telecentric 
space emanating from different object points converge to the same 
positions within the pupil space. In other words, rays that are inclined 
by the same amount in telecentric space converge to common points in 
pupil space in positions that are offset from the optical axis in 
accordance with their degree of inclination. Accordingly, an offset- 
dependent compensating optic can be used to cancel radially symmetric 
birefringence in pupil space by exhibiting a birefringence sensitivity to 
offset over inclination angle similar to the effect of an angular- 
dependent compensating optic within telecentric space exhibiting a 
birefringence sensitivity to inclination angle over offset. 

[23] Additional and more complex birefringence compensating effects 
can be achieved within the pupil space by varying the stress or form 
thickness of either type of compensating optic. Compound effects can 
be achieved by using both an angular-dependent and an offset- 
dependent compensating optic within the pupil space. For example, 
simple spherical or aspherical curvature of the offset-dependent 
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compensating optic can be used to furtiier vary the amount of 
birefringence produced at different radial distances from the optical 
axis. The desired birefringence at each radial position within the pupil 
space is achieved by adjusting the thickness of the offset-dependent 
compensating optic as a function of radial distance from the optical 
axis, where increased thickness produces more birefringence 
compensation. 

[24] Non-radial thickness adjustments can also be made to either type 
of compensating element to reduce any remaining asymmetric 
birefringence within the pupil space. The further compensating effect 
can be accomplished by adjusting thickness as a function of polar angle 
orientation around the optical axis. In addition, more complex stress 
profiles beyond those required for producing a symmetric offset- 
dependent effect could be used to compensate for any remaining non- 
radially symmetric birefringence. 

[25] A combined correction for largely radially symmetric 
birefringence can be obtained by locating compensating elements in 
both telecentric space and pupil space. The compensating optic 
located In telecentric space preferably produces an angular-dependent 
birefringence effect with little offset dependence, and the 
compensating optic located in pupil space preferably produces an 
offset-dependent birefringence effect with little angular dependence. 
Thickness variations and stress can be added to either or both of the 
angular-dependent and offset-dependent compensating optics to 
produce more refined corrections. For example, simple radially 
dependent thickness variations of the angular-dependent compensating 
optic can be made to compensate for slight departures from 
telecentricity. Similar thickness variations of the offset-dependent 
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compensating optic can be made to scale tiie radial birefringence 
effect. Higher order thickness variations can be made to the offset- 
dependent compensating optic to compensate for any remaining non- 
radially symmetric components of the birefringence. Stresses can 
also be added to produce similar higher order effects. 

[26] Although the compensating optics of our invention are generally 
arranged to reduce birefringence effects accumulated by imaging 
systems, a small amount of birefringence may be desirable to 
compensate for subsequent polarization sensitivities, such as in the 
photoresist layer of the wafer substrates. For example, a small 
amount of radially symmetric birefringence as measured in the pupil 
could be effective to compensate for polarization sensitivities in the 
photoresist that are more pronounced with increasing angles of 
incidence. 

Drawings 

[27] FIG. 1 is a diagram of a catadloptric imaging system in which 
optical components accumulate a substantially radially symmetric 
birefringence and in which an angular-dependent compensating optic is 
located within a telecentric space of the imaging system for canceling 
the accumulated radially symmetric birefringence. 

[28] FIG. 2 shows a three-fold distribution of the birefringence 
produced by a single pass through a double-reflecting Mangin mirror of 
the catadloptric imaging system. 

[29] FIG. 3 shows a more uniform (radially symmetric) distribution of 
the birefringence produced by combining the birefringence produced by 
a total of three passes through the double-reflecting Mangin mirror. 
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[30] FIG. 4 is a schematic view of the angular-dependent 
compensating optic in telecentric space showing the passage of parallel 
chief rays that are variously offset from the optical axis in accordance 
with the distribution of object points in a preceding reticle. Associated 
marginal rays diverge slowly from their common object points in the 
reticle. 

[31] FIG. 5 is an schematic view of the angular-dependent 
compensating optic modified to accommodate small departures from 
telecentricity while producing an overall radially symmetric 
birefringence effect. 

[32] FIG. 6 is a diagram of a similar catadioptric imaging system in 
which optical components accumulate a substantially radially 
symmetric birefringence and in which an offset-dependent 
compensating optic is located within a pupil space of the imaging 
system for canceling the accumulated radially symmetric 
birefringence. 

[33] FIG. 7 is schematic view of the offset-dependent compensating 
optic in the pupil space showing the approach of chief rays to the 
optical axis through orientations that are variously inclined to the 
optical axis. Corresponding marginal rays that are similarly relatively 
inclined approach points that are radially offset in the pupil space in 
accordance with their angular inclination in the telecentric space. 

[34] FIG. 8 is schematic view of the offset-dependent compensating 
optic modified by a radial-dependent thickness variation to adjust its 
radially symmetric birefringence effect. 
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[35] FIG. 9 is a schematic view of the offset-dependent compensating 
optic modified by an polar angle-dependent thickness variation to 
provide a non-radially symmetric birefringence effect. 

[36] FIG. 10 Is a diagram of another catadioptric imaging system in 
which optical components accumulate a substantially radially 
symmetric birefringence and in which both an angular-dependent 
compensating optic is located within a telecentric . space of the imaging 
system and an offset-dependent compensating optic is located within a 
pupil space of the imaging system for canceling the accumulated 
birefringence. A double-reflecting Mangin mirror is arranged with a 
nominally planar partially reflective surface to balance the inclination 
of internally reflected rays with respect to the optical axis.. 

[37] FIG. 11 is diagram of another catadioptric imaging system 
arranged similar to the system of FIG. 10 but containing optics having 
a different crystal orientation and a modified double-reflecting Mangin 
mirror in which a transmissive element is split and relatively rotated to 
convert a four-fold distribution of birefringence into a more uniform 
(radially symmetric) distribution of birefringence similar to that shown 
in FIG. 3. 

Detailed Description 

[38] A catadioptric imaging system 10 especially useful for 
microlithography at deep-ultraviolet wavelengths near 157 nanometers 
is laid out in FIG. 1 beginning with the illumination of a reticle 12 (an 
object plane) and ending with the imaging of the reticle 12 in a reduced 
form onto a photoresist layer of a wafer substrate 14 (an image 
plane). A beam 16 of the ultraviolet light containing information about 
the reticle 12 is initially captured in a telecentric form (see also FIG. 4) 
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by the imaging system 10, which directs chief rays 18 from object 
points 20 on the reticle 12 through the center of an aperture stop 22. 
An optical axis 24 extends between the reticle 12 and the wafer 
substrate 14 passing through the center of the aperture stop 22 as a 
reference axis for aligning components of the imaging system 1 0. 

[391 Within a teiecentric space 26 of the imaging system 10, the 
chief rays 18 of the object points 20 extend substantially parallel to 
the optical axis 24 in positions that are variously offset from the 
optical axis 24. The beam 16 after passing through the reticle 12 
remains in the teiecentric space 26 for a limited distance after a 
focusing optic 28 that redirects the chief rays 18 on gradually 
converging paths toward the center of the aperture stop 22. The 
beam 16 itself, including marginal rays 17 and 19, continues to 
gradually diverge to fill the aperture stop 22. 

[40] A lens group 30, including focusing optics 32, 34, 36, 38, 40, and 
42 and correction plate 44, directs the beam 16 through a pupil space 
46 containing the aperture stop 22. Within the pupil space 46 of the 
imaging system 10, the chief rays 18 of the object points 20 approach 
the optical axis 24 through orientations that are variously inclined to 
the optical axis 24. Corresponding marginal rays 17 or 19 of the 
different object points 20 converge toward common points within the 
pupil space 46 in positions that are offset from the optical axis 24 in 
accordance with the degree of inclination of the corresponding rays 17 
or 19 in the teiecentric space 26. 

[41] All of the optics 32, 34, 36, 38, 40, 42, and 44 of the lens group 
30 are preferably made of a single crystal material such a calcium 
fluoride (CaFg). Other cubic crystals that might also be used for 
constructing the optics of the lens group 30 include barium fluoride 
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(BaFa) and strontium fluoride (SrFs). The calcium fluoride (CaPa) 
crystal material is preferably oriented with one of its <111> axes 
aligned with the common optical axis 24 of the optics in the lens group 
30. Light rays traveling parallel or nearly parallel to the optical axis 24 
acquire little of the birefringence effect that becomes more 
pronounced at larger angles of departure. The optics of the lens group 
30 exhibit very little optical power (i.e., little bending of the light rays 
toward or away from the optical axis). Therefore, only a small amount 
of birefringence is accumulated by the passage of the light beam 16 
through the lens group 30. 

[42] The focusing optic 28 together with the focusing optics 32, 34, 
36, 38, and 40 constitute a front group of optics in advance of the 
aperture stop 22 responsible for establishing a focal length, which 
together with the numerical aperture of the beam 16 entering the 
imaging system 10, sets a diameter of the aperture stop 22. The long 
focal length apparent from FIG. 1 provides for converging 
corresponding chief rays 18 as well as corresponding marginal rays 17 
or 19 of the object points 20 through minimum angles with respect to 
each other. In the vicinity of the aperture stop 22 where the 
corresponding rays intersect, significant radial divergence of the 
corresponding rays 17, 18, or 19 is not . apparent from before the 
focusing optic 32 until the beam 16 enters the Mangin mirror 50. 
Accordingly, the pupil space 46 within which the corresponding rays 17, 
18, or 19 approximately overlap extends well to either side of the 
aperture stop 22. 

[43] A double-reflecting Mangin mirror 50 receives the beam 16 in a 
nearly collimated form but reflects the beam 16 from a curved 
reflective surface 52 on a converging path through a transmissive 
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element 54 that is also preferably made of a single crystal material 
such as calcium fluoride (CaFg). Alternatives include barium fluoride 
(BaFs) and strontium fluoride (SrFz). A partially reflective surface 56 
re-reflects the beam 16 on a further converging path bacl< through the 
transmissive element 54, exiting the Mangin mirror 50 through an 
aperture 58 in the curved reflective surface 52. The converging beam 
16 exiting the Mangin mirror 50 produces a reduced image of the 
reticle 12 onto the photoresist layer of the wafer substrate 14. 

[44] The two reflections of the Mangin mirror 50 provide a significant 
reduction in the image size together with a corresponding increase in 
numerical aperture. However, the beam 16 and particularly marginal 
rays 17 and 19 of the beam 16 traverse the transmissive element 44 
at considerable angular departures from the optical axis 24. 
Significant birefringence accumulates with each pass, as exemplified 
for one such pass in FIG. 2. Within the pupil field shown in FIG. 2, 
birefringence increases at different rates in different directions 
around the optical axis 24. The distribution of the birefringence in the 
field is Illustrated by an array of line segments each oriented to a local 
direction of most rapid change in birefringence within the field and each 
sized in length in accordance with a local magnitude of the 
birefringence within the field. Peak birefringence is apparent in three 
evenly spaced directions, which is referred to as "three-fold 
symmetry". 

[45] Each of the reflections from the reflective surfaces 52 and 56 
of the Mangin mirror inverts the beam 16, which is equivalent to a 180- 
degree rotation of the beam 16. Since the three-fold symmetry 
occurs at 120 degree intervals, the 180 degree rotation of the beam 
16 distributes the peak birefringence at 60 degree intervals that 
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overlap to produce a more evenly distributed birefringence around the 
optical axis 14 as shown in FIG. 3. The main component of the 
accumulated birefringence from both the lens group 30 (including the 
focusing optic 28) and the Mangin mirror 50 is a radially symmetric 
birefringence. 

[46] Although the birefringence contributed by the lens group 30 is 
much less than the birefringence contributed by the Mangin mirror 50, 
the optical elements 32, 34, 36, 38, 40, 42, and 44 of the lens group 
30 can be relatively rotated (i.e., clocked) around the optical axis 24 to 
distribute the birefringence more uniformly around the optical axis 24. 
In addition, the optical elements of the lens group 30 can be made vvith 
other of their crystal axes, such as their <001> axes, aligned with and 
clocked about the optical axis 24 to further angularly distribute 
birefringence around the optical axis 24. Four-fold symmetry is 
apparent in the alternative <001> crystal axes orientations. 

[47] In the illustrated embodiment of FIGS. 1 and 4, our invention 
provides an angular-dependent compensating optic 60 within the 
telecentric space 26 to cancel or otherwise correct the accumulated 
radially symmetric birefringence. The angular-dependent compensating 
optic 60 is preferably made of a single-axis crystal material, such as 
sapphire, oriented to exhibit an angular-dependent birefringence effect 
opposite in sign to the radially symmetric birefringence accumulated 
from the focusing optic 28, the lens group 30, and Mangin mirror 50. 
Other exemplary materials for the angular-dependent compensating 
optic 60 include magnesium fluoride (MgFa), lanthanum fluoride (LaFs), 
and crystalline quartz. 

[48] As shown in FIG. 4, the angular-dependent compensating optic 60 
is located between the reticle 12 and the focusing optic 28 within a 



wo 03/076978 PCT/US03/06652 

1 8 

portion of the teiecentric space 26. The chief rays 18 from the object 
points 20 extend substantially parallel to the optical axis 24 in 
positions that are variously offset from the optical axis 24 in 
accordance with the positions of the object points 20 in the object 
plane of the reticle 12. The marginal rays 17 and 19 emanating from 
each of the object points 20 define uniform cones of light centered 
about their associated chief rays 18. 

[49] The angular-dependent compensating optic 60 produces a 
birefringence compensating effect that increases with the inclination 
of passing rays to the optical axis 24. Accordingly, the marginal rays 
17 and 19 of each object point 20 acquire considerably more 
birefringence compensation than their associated chief rays 18 (which 
acquire little or none). However, the angular-dependent compensating 
optic 60 is relatively insensitive to the radial offset of the chief and 
marginal rays 18 and 17 and 19 from the optical axis. Neither the 
chief rays 18 nor the marginal rays 17 and 19 acquire significant 
birefringence on account of their offset (i.e., radial distance from the 
optical axis). Thus, each of the light cones of the object points 20 is 
treated nearly equally with the marginal rays 17 and 19 of each cone 
acquiring more birefringence compensation than the chief rays 18 of 
each cone. 

[50] The radially symmetric birefringence effect of the angular- 
dependent compensating optic 60 can be scaled by adjusting the overall 
thickness of the angular-dependent compensating optic 60 to cancel 
the radially symmetric birefringence produced by the focusing element 
28, the lens group 30, and the Mangin mirror 50. The birefringence 
effect of the angular-dependent compensating optic 60 is a function of 
both the angular inclination of passing rays to its crystal axis and the 
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distance traversed by the passing rays througli its crystal material. In 
a true telecentric space 26 where the chief rays 18 extend parallel to 
the optical axis, the angular-dependent compensating optic 60 can take 
the form of a plane-parallel plate for producing a radially symmetric 
birefringence compensating effect. 

[51] The single-axis materials preferred for this purpose are highly 
birefringent to produce the required compensating effect at low cone 
angles (i.e., at the relatively low angular departures of the marginal 
rays 17 and 19 from the optical axis 24 in the telecentric space 26 in 
comparison to the much higher angular departures of the same rays 
through the Mangin mirror 50) and at limited thicknesses. The low 
cone angles limit ray splitting between different polarization directions. 
The limited thickness of the angular-dependent compensating optic 60 
reduces attenuation of the beam 16. The location of the angular- 
dependent compensating optic 60 adjacent to reticle 12 within the 
telecentric space 26 minimizes the required diameter of the 
compensating optic 60. The beam 16 is at its smallest aperture 
dimension adjacent to the reticle 12. Single-axis crystal materials are 
more readily available in the smaller sizes. 

[52] A modified angular-dependent compensating optic 64 is shown in 
FIG. 5 for use in a telecentric space 66 where chief rays 68 from the 
object points 20 depart slightly from parallel to the optical axis 24. 
The tipping of the chief rays 68 along slightly converging or diverging 
paths is accompanied by a slight imbalancing of the marginal rays 67 
and 69 to the optical axis 24. The amount of the imbalance increases 
with the offset (i.e., radial distance) of the chief rays 68 from the 
optical axis 24. 
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[53] The slight departure from telecentricity can be compensated for 
by varying the thickness of the angular-dependent compensating optic 
64 as a function of radial offset from the optical axis 24. One of the 
surfaces 70 of the angular-dependent compensating optic 64 can take 
the form of a sphere or other surface of revolution to balance the 
birefringence between the chief ray 68 and the marginal rays 67 and 
69 emanating from different object points 20. The angular imbalance 
between the marginal rays 67 and 69 of any one object point 20 is 
compensated for by varying the relative distances traversed by the 
same marginal rays 67 and 69 through the angular-dependent 
compensating optic 64. Higher order thickness variations can be made 
to produce different compensating effects among light cones from the 
different object points 20. Stresses can also be applied to produce 
similar effects. 

[54] Although the thickness variation of the angular-dependent 
compensating optic 64 produces a more radially symmetric 
compensating effect in the slightly departed telecentric space 66, the 
thickness variation also produces a small aberration in the beam 16 
that is independent of polarization. The aberration is at least partly 
undone by a mating lens element 72 that forms a doublet 74 with the 
angular-dependent compensating optic 64. The mating lens element 72 
can be made of calcium fluoride or other transmissive material that 
exhibits a much more limited birefringence effect than the angular- 
dependent compensating optic 64. The small birefringence produced by 
the mating lens element 72 is included in the accumulated birefringence 
cancelled by the angular-dependent compensating optic 60. 

[55] A similar catadioptric imaging system 80 is shown in FIG. 6. The 
same reference numerals denote corresponding structures between 
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the imaging systems 10 and 80. However, an offset-dependent 
compensating optic 82 within the pupil space 46 replaces the angular- 
dependent compensating optic 60 within the telecentric space 26. The 
birefringence compensation provided by the offset-dependent 
compensating optic 82 (see also FIG. 7) increases with the radial offset 
of the rays 17, 18, and 19 from the optical axis 24 but does not 
significantly vary with the inclination of the same rays 17, 18, and 19 
to the optical axis 24. 

[56] The offset-dependent compensating optic 82 is preferred for 
use within the pupil space 46 of the present embodiment over an 
angular-dependent compensating optic, because the average radial 
offset between the chief rays 18 and the marginal rays 17 and 19 is 
more pronounced than an average angular difference between the chief 
rays 18 and the marginal rays 17 and 19. In addition, materials for 
making offset-dependent compensating optics are more readily 
available at the larger diameter aperture of the pupil space 46. 
Fluorine-doped fused silica under appropriate stress is preferred for 
this purpose. The stress can be added during the formation of the 
offset-dependent optic (e.g., during quenching or tempering) or as an 
external force (e.g., mechanical or thermal) applied in situ. 

[57] FIGS. 8 and 9 depict alternative modified offset-dependent 
compensating optics 84 and 88 located within another portion of the 
pupil space 46 for scaling or otherwise further refining the intended 
birefringence compensating effect. Both of the offset-dependent 
compensating optics 84 and 88 are associated with respective mating 
lens elements 86 and 90 to at least partially undo any wavefront 
aberrations produced by surface modifications of the offset- 
dependent compensating optics 84 and 88. The mating lens elements 
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86 and 90 are preferably made of a material, such as calcium fluoride, 
similar to tlie rest of the imaging system 10 to minimize the addition 
of any more birefringence. 

[58] The modified offset-dependent compensating optic 84 is 
exemplary of thickness modifications that talce the form of surfaces 
of revolution centered about the optical axis 24. In the offset- 
dependent compensating optic 84, thickness increases with radial 
distance (offset) from the optical axis 24. The increased thickness 
adds path length through the offset-dependent compensating optic 84 
for increasing the birefringence compensating effect. Accordingly, the 
thickness variation of the offset-dependent compensating optic 84 
illustrated in FIG. 8 increases the birefringence compensation as a 
function of radial distance from the optical axis 24. 

[59] The modified offset-dependent compensating optic 88 is 
exemplary of thickness modifications that are not symmetric about 
the optical axis 24. in the offset-dependent compensating optic 88, 
thickness varies with polar angle position around the optical axis. The 
thickness variation can range from a simple wedge to multiple lobes. 
For example, a sinusoidal variation in thickness with polar angle 
orientation around the optical axis 24 could be used to remove any 
residual three-fold symmetry that is not evenly distributed around the 
optical axis. Additional stress modifications to the offset-dependent 
compensating optic 88 can be used to produce similar effects. 

[60] An angular-dependent compensating optic can be substituted for 
any one of the offset-dependent compensating optics 82, 84, or 88 
and achieve similar birefringence compensation to the extent that the 
marginal rays 17 or 19 are on average inclined to the optical axis 24 by 
amounts substantially more than the corresponding marginal rays 17 
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or 19 are inclined to each otiier. A long combined focal length of the 
optics in advance of the aperture stop 22 reduces the inclination of 
the marginal rays 17 or 19 with respect to each other. A combination 
of positive and negative focusing optics can be used to adjust the 
average inclination of the marginal rays 17 or 19 with respect to the 
chief rays 18 at a location within the pupil space 46. 

[61] An alternative catadioptric imaging system 100 is shown in FIG. 
10. Where possible, corresponding reference numerals have been used 
to designate structures in common with the preceding imaging systems 
10 and 80. However, several differences are evident beginning with 
the addition of both an angular-dependent compensating optic 102 
within the telecentric space 26 and an offset-dependent compensating 
optic 104 within the pupil space 46. The two compensating optics 102 
and 104 preferably cooperate to remove not only radially symmetric 
birefringence but also other forms of birefringence compensation that 
are not radially symmetric, such as compensation for the residual 
birefringence generated by three-fold symmetry. 

[62] A modified configuration of lens elements 108, 112, 114, 116, . 
and 1 1 8 precedes the aperture stop 22 for use with a modified double- 
reflecting Mangin mirror 120. Similar to the Mangin mirror of the 
preceding embodiments, the Mangin mirror 120 includes a curved 
reflecting surface 122 and a partially reflective surface 126 formed 
on either side of a transmissive element 124. However, the partially 
reflective surface 122 of the Mangin mirror 120 is planar or 
substantially planar to better balance the two high angle reflections 
through the Mangin mirror. The nominally planar partially reflective 
surface 126 is expected to reduce ray-splitting effects associated 
with reflections from curved partially reflective surfaces. 
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[63] The angular-dependent compensating optic 102 is arranged 
similar to the angular-dependent compensating optics 60 or 64 of the 
imaging system 10 to cancel radially symmetric birefringence. The 
offset-dependent compensating optic 104, while similar to the offset- 
dependent compensating optics 82, 84, or 88 of the imaging system 
80, is intended to make finer corrections to any remaining radial or 
non-radial birefringence. Curvature is illustrated for this purpose, but 
stress could also be used. The offset-dependent compensating optic 
104 can also contribute to reducing radially symmetric birefringence. 

[64] A mating lens element 130 is paired with the offset-dependent 
compensating optic 104 to undo any aberrations caused by the surface 
modifications to the offset-dependent compensating optic 104. In 
addition, the mating lens element 130 performs a focusing function 
within the imaging system 100. 

[65] The crystal axis (e.g., <111> axes) of either of the 
compensating optics 102 or 104 in this or other of the preceding 
embodiments can be slightly inclined to the optical axis 24 to 
compensate for corresponding inclinations of the crystal axes of other 
of the optics within the imaging systems. The inclination of angular- 
dependent compensating optics 60, 64, or 102 changes the effective 
inclination of passing rays to the crystal axis on either side of the tilt 
axis. The inclination of the offset-dependent compensating optics 82, 
84, 88, or 104 changes the effective offset of passing rays from the 
center of the optics on either side of the tilt axis. 

[66] Generally, stressed amorphous materials are preferred for 
making offset-dependent compensating optics and single-axis crystals 
are preferred for making angular-dependent compensating optics, but 
appropriately modified crystals and amorphous materials can be used 
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for either purpose. In addition, thin films, particularly beam-splitting 
films, can be arranged to exhibit birefringence. For example, beam- 
splitting films deposited onto curved surfaces can be used to provide a 
radially symmetric birefringence effect. 

[67] Another alternative catadioptric imaging system 140 is shown in 
FIG. 11 featuring an alternative double-reflecting Mangin mirror 150 
that is modified to accommodate a different crystal orientation to the 
optical axis 24. With the exception of a different crystal axis 
orientation, the other elements of the imaging system 140 match the 
elements of the preceding imaging system 100. The same reference 
numerals are used to denote the matching elements. 

[68] The Mangin mirror has a reflecting surface 152 and a partially 
reflecting surface 156 similar to the Mangin mirror 120 but has a pair 
of mating transmissive elements 154 and 155 that are relatively 
rotated (i.e., clocked) with respect to each other. Both of the 
transmissive elements 154 and 155 are made of a cubic crystal 
material such as calcium fluoride (CaFg) and oriented with one of their 
<001> axes aligned with the optical axis 24. Birefringence exhibited by 
so oriented cubic crystals peaks at 90-degree intervals around the 
optical axis. Accordingly, the 180-degree beam rotations associated 
with reflections from the reflective surfaces 152 and 156 do not 
further distribute birefringence within the 90-degree intervals. 

[69] However, by splitting the transmissive portion of the Mangin 
mirror into two mating transmissive elements 154 and 155, one of the 
transmissive elements can be rotated (I.e., clocked) with respect to 
the other around the optical axis to more evenly distribute 
birefringence around the optical axis. The remaining low-power 
focusing elements 108, 112, 114, 116, 118, and 130 are also 
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preferably oriented with one of their <001> axes aligned with the 
optical axis 24. Although the birefringence contributed by the 
remaining low-power focusing elements 108, 112, 114, 116, 118, and 
130 is small in comparison to the birefringence produced by the 
converging reflections within the Mangin mirror 150, the remaining 
focusing elements 108, 112, 114, 116, 118, and 130 can be clocked 
relative to each other or to either of the two mating transmissive 
elements to further distribute the birefringence in a radially symmetric 
form. 

[70] The two compensating elements 102 and 104 perform similar 
compensating functions for removing the radially symmetric 
birefringence. However, surface or stress modifications can be used 
to remove any residual four-fold birefringence that is not evenly 
distributed around the optical axis. 

[71] Although the birefringence intended for correction from 
telecentric or pupil space has so far been referenced to a pupil plane, 
birefringence patterns evident in the image plane on the wafer 
substrate 14 can also be corrected from the two locations. For 
example, the chief rays 18 and associated marginal rays 17 and 19 
from the object points 20 are spatially separated in the telecentric 
space 26. Accordingly, birefringence effects associated with different 
points in the image plane can be corrected by making birefringence 
modifications to the light cones associated with their corresponding 
object points 20. 

[72] To the extent a more fundamental radially symmetric 
birefringence effect is still required, an angular-dependent 
birefringence compensating optic could still be used but in a modified 
form to produce different birefringent effects among the ray cones 
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associated with different object points 20. Tiiickness variations or 
stress could be used for tiiis purpose. If image plane birefringence 
corrections alone are needed, then an amorphous material 
differentially stressed is preferred for making the correction within 
the telocentric space 26. However, If the birefringence pattern in the 
image plane happens to be radially symnrietric, then an offset- 
dependent compensating optic can be used within the telecentric space 
to make the correction. 

[73] Within the telecentric space 26, the image plane corrections for 
birefringence can be made most accurately by locating the required 
compensating optic as close as possible to the reticle (I.e., the object 
plane). Here, the ray cones associated with different object points 
project at their smallest diameter. 

[74] Image field corrections for birefringence can also be made within 
the pupil space 46, particularly corrections requiring radial symmetry. 
To achieve such symmetries, the beam 16 should be collimated within 
the telecentric space 46. The marginal rays 17 and 19 associated with 
the on-axis object point 20 should extend parallel to the optical axis 24 
within the pupil space 46. The marginal rays 17 and 19 associated with 
ail other of the object points 20 are variously inclined to the optical 
axis 24 in the pupil space 46 by amounts corresponding to the radial 
offset of the same object points 20 in the object plane. 

[75] Accordingly, an angular-dependent compensating optic can be 
used within the pupil space 46 to correct a radially symmetric 
birefringence in the Image plane, such as a birefringence that increases 
with radial distance from the optical axis 24. Stress, form curvature, 
and other beam modifications can be used to correct other patterns of 
birefringence in the image plane. 
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[76] Additional details of catadioptric imaging systems that can be 
readily adapted to the purposes of the subject invention can be found 
in co-owned U.S. Patent 5,650,877, entitled Imaging System for Deep 
Ultraviolet Lithography, which is hereby incorporated by reference. 
Our invention is also applicable to optical inspection systems and other 
optical imaging systems operating particularly within the deep 
ultraviolet spectrum and requiring birefringence correction. 
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WE CLAIM: 

1 . An optical imaging system for producing images witli deep- 
ultraviolet liglit comprising: 

an arrangement of optical elements aligned along a common 

optical axis and exhibiting with respect to a beam of deep- 
ultraviolet light an intrinsic birefringence that varies with 
both inclination of the beam's rays to the optical axis and 
angular orientation of the beam's rays around the optical 
axis; 

the optical elements being arranged with respect to the beam of 
deep-ultraviolet light in a progression that renders an 
accumulated birefringence less sensitive to the angular 
orientation of the beam's rays around the optical axis; and 

a compensating optic exhibiting a radially symmetric 

birefringence In a sense opposite to the accumulated 
birefringence so that together with the arrangement of 
optical elements, the accumulated birefringence of the 
beam of deep-ultraviolet light is reduced with respect to 
both the inclination of the beam's rays to the optical axis 
and the angular orientation of the beam's rays around the 
optical axis. 

2. The imaging system of claim 1 in which the compensating 
optic is an angular-dependent compensating optic exhibiting a 
birefringence effect that is particularly sensitive to the inclination of 

the beam's rays to the optical axis but Is relatively insensitive to radial 
offset of the beam's rays from the optical axis. 
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3. The imaging system of claim 2 In whicli tlie angular-dependent 
compensating optic is made of a crystal material. 

4. The imaging system of claim 2 in which the angular-dependent 
compensating optic is located within a telecentric space in which chief 
rays of object/image points extend substantially parallel to the optical 
axis in positions that are variously offset from the optical axis. 

5. The imaging system of claim 4 in which a thickness of the 
angular-dependent compensating optic is varied as a function of radial 
distance from the optical axis. 

6. The imaging system of claim 5 in Which the thickness 
variation of the angular-dependent compensating optic compensates 
for small departures of the chief rays from orientations parallel to the 
optical axis. 

7. The imaging system of claim 1 in which the compensating 
optic is an offset-dependent compensating optic exhibiting a 
birefringence effect that is particularly sensitive to radial offset of 
the beam's rays from the optical axis but is relatively insensitive to 
inclination of the beam's rays to the optical axis. 

8. The imaging system of claim 7 in which the offset-dependent 
compensating optic is made of a stressed amorphous material. 

9. The imaging system of claim 7 in which the offset-dependent 
compensating optic is located within a pupil space within which chief 
rays of object/image points approach the optical axis through 
orientations that are variously inclined to the optical axis. 
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1 0. The imaging system of claim 9 in wliich a tliickness of tlie 
offset-dependent compensating optic is varied as a function of radial 
distance from the optical axis to vary the amount of birefringence 
correction with radial position within the pupil space. 

11. The imaging system of claim 9 in which a thickness of the 
offset-dependent compensating optic is varied as a function of the 
angular orientation around the optical axis to vary the amount of 
birefringence correction with angular position within the pupil space. 

12. The imaging system of claim 1 in which the optical elements 
include at least one optical element formed from a single crystal having 
a crystal face inclined slightly from normal to the common optical axis 
producing an imbalance of birefringence attributable to the slight 
inclination from normal, and in which the compensating element is 
formed from a single crystal having a crystal face that is also inclined 
slightly from normal to the common optical axis to decrease the 
birefringence imbalance produced the at least one optical element. 

13. A system for correcting a radially symmetric component of 
birefringence within an optical imaging system comprising: 

an optical assembly that exhibits birefringence including a radially 
symmetric component of the birefringence; 

a compensating optic that exhibits an opposite sign of radially 
symmetric birefringence; and 

the compensating optic being located with respect to the optical 
assembly in a position that substantially cancels the 
radially symmetric component of the birefringence 
exhibited by the optical assembly. 
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14. The system of claim 13 in which both the radially symmetric 
birefringence exhibited by the compensating optic and the radially 
symmetric component of the birefringence exhibited by the optical 
assembly are centered around a common optical axis. 

15. The system of claim 14 in which the optical assembly 
defines a telecentric space within which chief rays of object/image 
points within a beam of illumination subject to the birefringence extend 
substantially parallel to the optical axis in positions that are variously 
offset from the optical axis. 

16. The system of claim 15 in which the compensating optic is 
located with the telecentric space. 

17. The system of claim 16 in which the compensating optic is 
an angular-dependent compensating optic exhibiting a birefringence 
effect that is particularly sensitive to inclination of the beam's rays to 
the optical axis but is relatively insensitive to radial offset of the 
beam's rays from the optical axis. 

18. The system of claim 17 in which a thickness of the angular- 
dependent compensating optic is varied as a function of radial distance 
from the optical axis. 

19. The system of claim 18 in which a surface of the 
compensating optic subject to the thickness variation has a 
paraboloidal form. 
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20. The system of claim 14 in whicli tlie optical assembly 
defines a pupil space within which chief rays of object/image points 
within a beam of illumination subject to the birefringence approach the 
optical axis through orientations that are variously inclined to the 
optical axis. 

21. The system of claim 20 in which the compensating optic is 
located within the pupil space. 

22. The system of claim 21 in which the compensating optic is 
an offset-dependent compensating optic exhibiting a birefringence 
effect that is particularly sensitive to radial offset of the beam's rays 
from the optical axis but is relatively insensitive to inclination of the 
beam's rays to the optical axis. 

23. The system of claim 22 in which a thickness of the offset- 
dependent compensating optic is varied as a function of radial distance 
from the optical axis. 

24. The system of claim 23 in which a surface of the 
compensating optic subject to the thickness variation has a 
paraboloidal form. 

25. The system, of claim 22 in which a thickness of the offset- 
dependent compensating optic is varied as a function of the angular 
orientation around the optical axis to vary the amount of birefringence 
correction with angular position within the pupil space to cancel an 
asymmetric component of birefringence exhibited by the optical 
assembly. 
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